Oxidative damage and inflammation are postulated to be involved in age-related macular degeneration (AMD). However, the molecular signal(s) linking oxidation to inflammation in this late-onset disease is unknown. Here we describe AMD-like lesions in mice after immunization with mouse serum albumin adducted with carboxyethylpyrrole, a unique oxidation fragment of docosahexaenoic acid that has previously been found adducting proteins in drusen from AMD donor eye tissues 1 and in plasma samples 2 from individuals with AMD. Immunized mice develop antibodies to this hapten, fix complement component-3 in Bruch's membrane, accumulate drusen below the retinal pigment epithelium during aging, and develop lesions in the retinal pigment epithelium mimicking geographic atrophy, the blinding end-stage condition characteristic of the dry form of AMD. We hypothesize that these mice are sensitized to the generation of carboxyethylpyrrole adducts in the outer retina, where docosahexaenoic acid is abundant and conditions for oxidative damage are permissive. This new model provides a platform for dissecting the molecular pathology of oxidative damage in the outer retina and the immune response contributing to AMD.
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AMD is the most common cause of legal blindness in elderly individuals of industrialized countries 3, 4 . Clinicians have long recognized that debris (termed drusen) below the retinal pigment epithelium (RPE) in the macula is a risk factor for AMD. The presence of complement factor proteins in drusen in AMD eyes 1, [5] [6] [7] and genetic variation in several complement factor genes in individuals with AMD [8] [9] [10] [11] [12] [13] implicate inflammation as an important component in this disease. However, little is known about the signal(s) from the outer retina that initiates the immune system's involvement in AMD.
As a potential initiating signal we evaluated carboxyethylpyrrole (CEP; Fig. 1a ), an adduct that forms from an oxidation fragment of docosahexaenoic acid (DHA) 2 . DHA, the most oxidizable of all longchain polyunsaturated fatty acids, is abundant in the outer retina, where high oxygen tension and light provide a permissive environment for oxidation [14] [15] [16] . CEP forms when the aldehyde group on a newly formed seven-carbon oxidation fragment of DHA covalently interacts with an e-lysyl amino group in a tissue protein 1, 2 . AMD donor eyes contain more CEP-modified proteins in the outer retina than are present in age-matched controls 1 , and CEP-adducted proteins are also more abundant in AMD plasma than in control samples 2 . CEP autoantibodies are also present in plasma and are more abundant in AMD than in controls 2 . This oxidation-generated hapten is noteworthy because of the long-recognized association of AMD with oxidative damage [17] [18] [19] [20] [21] .
Because DHA is concentrated in RPE and photoreceptor cells [14] [15] [16] , we reasoned that these tissues are a probable source of CEP adducts during aging. Because serum albumin is one of the major proteins modified with CEP in people with AMD 2 , we immunized mice with CEP-modified mouse serum albumin (CEP-MSA) in an attempt to raise the level of sensitivity to endogenously generated CEP (Fig. 1b) . Our hypothesis was that immunized mice would generate a stronger immune response to CEP adducts, making the outer retina more vulnerable to immune-mediated damage.
We immunized mice with CEP-MSA or MSA controls in complete Freund's adjuvant (CFA) at day 0 and followed this with a challenge at day 10 in incomplete Freund's adjuvant (IFA). To generate a strong immunological response and confirm that CEP-MSA is immunogenic, a group of 'short-term' experiments were performed in which animals received three immunizations during a 2-3-month period, with the final immunization given 10 d before the mice were killed. To assess the effect of aging on the CEP-MSA immune response, a second group of 'long-term' experiments were performed in which mice were treated with only the first immunization described above and maintained for 12-14 months before they were killed. (Mice used are listed in Supplementary Table 1 online.)
Titers of antibody to CEP in the short-term recovery mice were six to eight times higher in the CEP-MSA-immunized mice compared to naive and control mice immunized with MSA or CFA (Fig. 1c) . CEPspecific antibody was not detected in Rag-deficient mice that lack mature T and B cells. Antibody titers were similar in the long-term recovery mice, with CEP-specific antibody titers higher in the CEP-MSAimmunized mice than in the control mice (Fig. 1d) . These data show that CEP-MSA can induce an antibody-mediated immune response.
Histology of the CEP-MSA eyes revealed multiple RPE changes, including vesiculation and swelling of individual or multiple adjacent cells (Fig. 2a-c) ; cell lysis (Fig. 2b,c) ; pyknosis, as evidenced by intense toluidine blue staining (Fig. 2b) ; and the presence of monocytes in the interphotoreceptor matrix (Fig. 2d,e) . Some of the invading cells expressed the macrophage marker F4/80 (Fig. 2e) . RPE expanses with up to 14 contiguous swollen cells that appeared to be undergoing lysis were common (Fig. 2f) . In some eyes, the RPE was missing in focal areas and the overlying photoreceptors were greatly swollen ( Fig. 2g and Supplementary Figs. 1-4) .
The degree of pathology in the short-term tissues was evaluated in three or four sections per eye from the dorsal to the ventral retinal margin. Each sample was placed in one of the following categories based on the average number of lesions present per section: normal, minor pathology, moderate pathology or severe pathology. Two of the six naive mice studied had one and three lysed RPE cells, respectively, and one of these also contained a single pyknotic RPE cell. Because these were naive mice that had not been immunized, these lesions were considered normal background variability (Supplementary Fig. 1 ). When four or fewer lesions were found, the tissue was scored as normal. Samples in the minor pathology category contained five to ten separate areas of RPE or outer retinal pathology in each section studied ( Supplementary Fig. 2 ). Samples in the moderate pathology category contained 11-15 separate sites of RPE or outer retinal pathology ( Supplementary Fig. 3 ). Mice in the severe pathology category had 16 or more sites of RPE pathology in each section. Four eyes in this group had lesions in the RPE that were 20-70 mm long ( Supplementary Fig. 4 ). We then plotted the degree of pathology against the mean antibody titer of the mice in these groupings (Fig. 2h) . These data show a close relationship between the CEPspecific antibody titer and the severity of outer retina pathology. C3d is a degradation product of C3b, a key complement protein required for the generation of the C3 and C5 convertases in the classical, lectin and alternate pathways 22 . We evaluated short-term tissues for C3d immunolocalization (Fig. 3a-h ). C3d was observed in Bruch's membrane below the RPE in the mice receiving CEP-MSA immunization (Fig. 3b) . Some of the CEP-MSA tissues contained lysed RPE cells that could be labeled with an antibody to C3d (Fig. 3c) , suggesting that complement may be fundamentally involved in the lysis of these cells. Although the C3d immunofluorescence was somewhat patchy in eyes from CEP-MSA-immunized mice, it was not observed in control mice (Fig. 3d,e) , except for minor fluorescence occasionally seen in the MSA-treated mice (Fig. 3d) . CEP-MSA-immunized mice showed ten times more immunofluorescence in Bruch's membrane than did control mice (Fig. 3f-h) .
Examination of the fundus from the long-term protocol mice revealed patchy, reticular changes not present in controls (Supplementary Fig. 5 online) . Histology of 15 eyes from the long-term protocol revealed an accumulation of sub-RPE deposits in the CEP-MSA-immunized mice (compare Fig. 4a to Fig. 4b and Fig. 4c to Fig. 4d ). These deposits stained less intensely than did the RPE cytoplasm, forming a near continuous band of variable thickness (2-4 mm) below the RPE ( Supplementary Fig. 6 online) . Choroidal neovascularization was not observed. Sub-RPE material did not develop in controls, although increased thickening of RPE basal infoldings with aging was evident.
Sub-RPE deposits were measured with an image-processing algorithm that recognizes Bruch's membrane and the basal infoldings and sub-RPE deposits in digitized images (Figs. 4c,d) . We measured the area occupied by basal infoldings in short-term recovery mice (Fig. 4e) and the area of sub-RPE deposits plus basal infoldings in long-term recovery mice (Fig. 4f) . Short-term recovery tissues had similar basal infolding dimensions (Fig. 4e) . All eyes in the long-term protocol showed greater thickening below the RPE than was measured in the short-term tissues, except for the Rag-deficient mice. This probably reflects age-related changes. However, the CEP-MSA-immunized mice showed greater accumulation of basal deposits than with any other treatment (Fig. 4f) .
In electron micrographs, the Bruch's membrane of long-term naive mice measured 0.54 ± 0.06 mm (mean ± s.d.) thick, and RPE basal infoldings had a mean height of 1.19 ± 0.12 mm (Fig. 4g) . In contrast, Bruch's membrane in CEP-MSA tissues measured 1.71 ± 0.05 mm. Basal infoldings were evident in CEP-MSA samples, but these profiles surrounded extracellular flocculent material that expanded this sub-RPE compartment to a thickness of 4.21 ± 1.14 mm (Fig. 4h) . Similar sub-RPE debris is reported in mice subjected to dietary, lighting and/or genetic manipulations [23] [24] [25] [26] .
Our studies demonstrate that mice mount an antibody-mediated response to CEP-MSA. The immune system responds by depositing complement below the RPE, as evidenced by the localization of C3d in Bruch's membrane and the development of lytic changes in RPE cells. An intact immune system is required for this process, because CEP-MSA-immunized Rag-deficient mice, which are missing mature T cells and B cells 27 , showed none of the changes observed in normal mice.
Although macrophages were found near some RPE lesions, it is unlikely that they initiate the pathology observed, as many lesions occurred in the absence of these cells. Macrophage movement into this compartment may be due to the release of cytokines from lysed cells. Indeed, melanin-containing macrophages were observed, suggesting that there is debris removal after RPE lysis (Fig. 2d) . Aging mice deficient in the macrophage chemokine Ccl2 or its receptor Ccr2 also show features similar to those in AMD 23 , suggesting a role for macrophages in maintaining the outer retina.
To our knowledge, this is the first study showing that immunization with a hapten generated by oxidative damage to the DHA 28 present in the drusen 1 and plasma from AMD-affected individuals 2 is sufficient to produce AMD-like lesions in mice. This model provides a new resource for understanding the early changes in the outer retina in AMD, as well as the disease progression in mice with mutations or polymorphisms in complement pathway genes that are linked to AMD in humans. 
METHODS
Mice. We used C57BL/6 (Jackson Labs) and BALB/c (Taconic Labs) mice of both sexes at 2-3 months of age. The Rag-deficient mice were on a C57BL/6 background. Protocols used here were approved by the Institutional Animal Care and Use Committee at the Cleveland Clinic.
Antigens. We prepared the CEP-MSA and CEP-BSA from commercially available mouse serum albumin and bovine serum albumin (Sigma), which we converted to CEP-modified MSA and BSA following published procedures 28 .
Immunization. We used standard mouse immunization protocols 29 . We anesthetized mice with ketamine-xylazine in PBS (80-90 mg/kg ketamine, 2-10 mg/ml xylazine). We used 200 mg of CEP-MSA in CFA or IFA (Difco Labs) for initial and all booster doses. We used the following control mice for comparisons with CEP-MSA immunizations: mice immunized with nonadducted MSA (200 mg per inoculum), mice injected with CFA and subsequently boosted with IFA without any antigen, and age-matched naive mice. We also used Rag-deficient mice for identical immunization protocols.
Carboxyethylpyrrole-specific antibody assay. We performed direct ELISA for the detection of antibody to CEP in 96-well plates coated with CEP-BSA (100 ml/well) at a 1:1,000 dilution in PBS and incubated at 37 1C for 1 h, using 1% BSA solution (Sigma) as a blank control. We used CEP-BSA as the coating agent ( Supplementary Fig. 7 online) . We washed the plate with PBS three times (300 ml/well) and blocked with 1% ovalbumin in PBS (Sigma) and then incubated at 37 1C for 1 h. We then washed the plate with 0.1% ovalbumin and 0.05% Tween-20 before loading the standards and mouse serum samples (at 1:10, 1:100 and 1:1,000 dilutions) and incubating them at 22 1C on a shaker for 1 h. We applied the alkaline phosphatase-conjugated secondary antibody to mouse IgG (Sigma) at a 1:2,000 dilution at 22 1C for 1 h, then rinsed and incubated the plate with Fast p-nitrophenyl phosphate tablets (Sigma). We measured absorbance (at 405 nm, using 655 nm as a reference) on a Spectra Max Plus (Molecular Devices) and defined the titer as the ratio of serum binding to antigen versus serum binding to BSA. The antibody used on this western blot was described previously 2 .
Fundus photography. We examined the mouse fundus at various ages and post-immunization times. We anesthetized and dilated the mice as described above. We used a handheld Kowa Genesis-D digital retinal camera (Kowa Optimed) and a 90-mm intermediate lens.
Histology. We prepared one eye from each mouse for histopathology and electron microscopy. We fixed the eye in 2% glutaraldehyde and 2% formaldehyde (freshly prepared from paraformaldehyde) in 0.1 M cacodylate buffer, pH 7.2 at 4 1C overnight, then post-fixed it in 1% osmium tetroxide, dehydrated it in graded ethanol, and then in propylene oxide, and then transferred it to a plastic resin mixture containing Polybed 812 (Polysciences) and Araldite 502 (Polysciences) with polymerizer. After polymerization, we cut five to ten 1-mm-thick sections, mounted them on microscope slides and stained them with toluidine blue.
Image analysis. We photographed retinal sections with a Zeiss Axiophot microscope equipped with a Hamamatsu digital camera using a 63Â oil-immersion lens. For quantitative analysis of Bruch's membrane and sub-RPE boundaries, we took retinal images from three sections in the fundus of each of three eyes per treatment group, and we then batch-processed them with customized macros and algorithms generated for Image-Pro Plus 6.1 (Media Cybernetics).
Immunocytochemistry. We froze one eye from each mouse in optimal cutting temperature medium for immunocytochemistry. We prepared 7-mm cryosections through the center of each eye on a cryostat HM 505E (Microm). For C3d localization, we used a polyclonal rabbit antibody to human C3d (Dako) followed by the secondary antibody (FITC-conjugated swine antibody to rabbit immunoglobulin, Dako). We mounted the samples onto slides with Vectashield and examined them for fluorescence. For F4/80 localization, we used rat antibody to mouse F4/80 antigen (Serotec), followed by secondary antibody (Alexa Fluor 488-conjugated goat antibody to rabbit IgG, Molecular Probes). We mounted the sections with Vectashield and evaluated them with a Zeiss Axiophot microscope equipped with epifluorescence illumination. The mounting medium contained either propidium iodide or DAPI for nuclear counterstaining. We performed the final imaging on a Leica TCS-SP (Exton) confocal microscope.
To compare fluorescence intensities in the C3d immunocytochemistry, we acquired a series of 1.0-mm sections from the full retinal expanse. In the Leica confocal software, we saved the pinhole channel gain and offset as a macro and used it to collect all the images. We performed quantitative analysis using the stack profile function. We generated an area template with a dimension of 4,512 mm 2 (similar to that shown in Fig. 3f,g ). We moved the template onto each image and positioned it so that fluorescence levels in equal areas along Bruch's membrane could be measured. We generated a graphic with the mean fluorescence intensity in each section of the stack. We defined ten areas from each section and measured sections from three or four eyes per treatment.
Electron microscopy. We thin-sectioned selected blocks on an RMC MT-XL ultramicrotome, placed the sections on nickel grids, stained them with uranyl acetate and lead citrate and viewed them with a Tecnai 20 200-kV digital electron microscope equipped with a Gatan image filter. We evaluated at least three tissue blocks from each treatment and captured over 50 images from each block at a 3,500Â magnification, and we measured the dimensions of the indicated compartments directly from prints.
Statistical analysis. We analyzed antibody titer and RPE basal deposit thickness data by ANOVA. Where the ANOVA was significant, we made pairwise comparisons using Dunnett's test.
Note: Supplementary information is available on the Nature Medicine website.
